A influência da microestrutura e da composição da camada superficial na transpassivação de fios de NiTi utilizados em implantes endovasculares não tratados e tratados termicamente (500 ºC) foi estudada por métodos eletroquímicos (potencial de circuito aberto e curvas de polarização potenciodinâmica), difração de raios-X (DRX) e microscopia eletrônica de varredura (MEV). O potencial no qual o filme passivo rompe-se (E b ) depende da composição química da camada de óxidos que recobre o eletrodo, assim como da microestrutura do biomaterial. Para as amostras de NiTi não tratadas termicamente, a microestrutura é mais desordenada, porém altamente resistente à transpassivação (E b ~ 1,00 V/ECS). Entretanto, a presença de um filme nativo rico em oxigênio facilita a sua dissolução (E b ~ 0,00 V/ECS). Quando tratado termicamente, o biomaterial NiTi tornase estruturalmente mais ordenado, todavia menos resistente à dissolução (E b ~ 0,12 V/ECS), sendo que a presença do filme nativo e rico em oxigênio tem pouca influência no valor de E b (E b ~ 0,03 V/ ECS) neste caso.
Introduction
Near equiatomic NiTi alloy has become ubiquitous among biomedical materials used as prosthesis due to its mechanical (shape memory and superelasticity) and corrosion resistance properties, and, most importantly, biocompatibility. An overview of the medical applications of NiTi alloys was recently given by Duerig et al. 1 Nevertheless, a major concern on the dissolution properties of NiTi alloy still remains owing to the high nickel content, since nickel element has been shown to provoke several adverse biological effects, depending on the species and its concentration. [2] [3] [4] [5] [6] [7] Usually, NiTi electrodes present a superficial thin layer with TiO 2 as the main component, 1, 8 protecting them from dissolution, as for pure Ti. 9, 10 The potential at which this passive film breaks down (E b ) is, however, sometimes very low for NiTi electrodes, leading to active dissolution processes. The E b -value was found to be as low as 0.00 V/SCE or as high as +1.00 V/SCE. 7, 8, 11, 12 In response, the scientific community has been involved in a crescent effort to get insight into the NiTi alloy properties and to improve corrosion resistance. For example, it is known 8 that by passivating NiTi specimens with 20% HNO 3 at 80 ºC for 20 min it is possible to reduce substantially the release of nickel in simulated body fluids. Similar effects could be also obtained by applying TiO 2 and TiO 2 -SiO 2 protective coatings via sol-gel, 13, 14 heat treating, 1 electropolishing, 15, 16 laser surface melting 17 and nitriding 18 NiTi wires at suitable conditions. All these treatments were found to change the surface composition, thereby improving E b .
It is well documented in the literature the effects of heat treating NiTi samples on the chemical composition of surfaces, 19 and on the alloy microstructure [20] [21] [22] as well. We have noticed, however, that most of the works have dealt with commercial NiTi wires, whose history is somewhat unknown. Supposedly, the heat treatment (applied by the manufacturer, if any) effects on the chemical composition of the surfaces are initially removed by polishing, 7 the film subsequently and spontaneously formed onto the surface or the microstructure being responsible for the final properties. Therefore, it would be meaningful to evaluate the electrochemical properties of implant alloys immediately before they are implanted (shaped into their definitive form through a thermalmechanical treatment) and unshaped (not thermally treated) in order to distinguish between the microstructure and surface chemical composition effects. Also, an insight into NiTi electrochemical behavior in most unfavorable environmental conditions such as aggressive pH is still required.
In this work, we addressed the questions above characterizing the NiTi electrochemical behavior in a wide range of pH, together with surface analysis by means of SEM, EDS and XRD techniques.
Experimental

Materials
An equiatomic NiTi wire was employed in the experiments. Artificial saliva AFNOR S90-701 (Table 1) was used as working solution and prepared using reagents of analytical grade without previous purification. When it was necessary, the solution pH was adjusted by adding H 3 PO 4 or NaOH dilute solutions.
Electrochemical system
Electrochemical measurements were carried out with an EG&G PAR model 263A potentiostat/galvanostat interfaced with a microcomputer using the EG&G-PAR "SoftCorr II Model 252/352" software for data acquisition and analysis. The electrochemical cell contained five openings: three of them were used for the electrodes and two of them for nitrogen bubbling prior to all the experiments or to keep an inert atmosphere by a flux over the solution also during all the experiments. The counter electrode (CE) was a graphite rod and the reference electrode (RE) was a saturated calomel electrode (SCE) connected to the cell by a salt bridge and a Luggin-Habber capillary. All potentials in the text are quoted to this electrode. The working electrode (WE) was a 0.129 cm 2 (geometrical surface area) NiTi wire mounted in a glass tube with Araldite ® epoxy. Excepted where indicated, the electrode surface was mechanically or electrochemically polished prior to the experiments. Mechanical polishing was accomplished by employing a 1200 emery paper, whereas to prepare electropolished electrodes the NiTi wires were submitted to polarization at 23 V during 5 sec in a 5/95 (% v/v) HClO 4 /CH 3 COOH solution. Following, the electrodes were ultrasonically cleaned, degreased with acetone, rinsed with deionized water and finally dried with a gentle stream of air at room temperature. The potentiodynamic polarization curves were shaped in agreement with the ASTM G5 norm. Electrochemical experiments were performed after an electroreduction process at a fixed potential (E ,c = -1.33 V/SCE) in order to improve the results reproducibility by reducing as much as possible spontaneously formed oxides onto the electrode surface. Excellent reproducibility was achieved when a potentiostatic reduction during 10 min was applied.
Heat treatment was performed in agreement with the usual and previously described procedure applied in the fabrication of NiTi stents. 8 
Surface analysis
The alloy surface morphology before and after the electrochemical experiments was observed by Scanning Electron Microscopy (SEM) using a Philips XL-30 microscope. Additionally, the alloy surface composition was determined by an Energy Dispersive Spectroscopy (EDS) apparatus coupled to the Philips XL-30 microscope. X-ray Diffraction (XRD) spectra were recorded using a X'Pert Philips spectrometer with Cu-K radiation. 
Results and Discussion
Microstructure effect which may control and reduce the alloy dissolution. At the end of 60 min, the observed OCP values are pHdependent. Most importantly in Figures 1A-C is the similarity between curve profiles and OCP values observed for heat treated and untreated samples. On the other hand, a huge difference is perceived in the potentiodynamic polarization curves (Figures 1D-F) , where the potential at which the passive film breaks down (E b ) giving to an active dissolution process was markedly lower for heat treated samples than for untreated ones (see also data in Table 2 ). Moreover, the observed OCP pH -1 value is almost identical to those of pH indicator electrodes, 23 in particular for Mo electrodes in aqueous media, which ones have been used as pH sensors at high temperatures. 24 For pH > 7.4 solutions, conversely, the OCP was practically constant, but with a noticeable decrease in the experiments reproducibility. The transition around pH 7.4 solutions (Figure 2A ) is related to thermodynamic stability of TiO 2 , which is instable for pH 7.4.
10 According to Vetter, 25 a variation in the OCP value is only possible when there are changes in the composition parameter of the film/solution interface (i.e., the thickness does not influence the OCP value). Therefore, the results in Figure 2A claim that an almost identical composition at the interface film/solution evolves during immersion in artificial saliva, regardless of whether the NiTi wires were or not heat treated. It should be noted that the effect of the heat treatment on the surface composition was removed by electropolishing. The differences observed in the film break down potentials in Figure 1D -F and in Table 2 are, therefore, ascribed to the microstructure of NiTi. Indeed, Figure 2B shows the XRD patterns for untreated and heat treated samples confirming that a different material is obtained upon heat treating equiatomic NiTi alloy. While the pattern of untreated samples exhibits a highly disordered structure as indicated by the broad peak centered at about 42º (2 ), 26 the XRD pattern of heat treated samples shows a highly ordered structure with peaks characteristic of austenite phase. 22 Thus, among the factors governing the passive film break down (E b ) (transpassivation) of NiTi biomaterial is the microstructure.
Within the human body, pure Ti may be subjected to potentials of up to 0.45 -0.55 V/SCE. 5 Unfortunately, the same information has not been found for NiTi alloys. Nevertheless, a potential-pH scheme illustrating the complexity of environmental conditions that may be experienced by an implant alloy in the body given by Black 27 generically shows that the potential value may roughly vary from -1.00 to 1.20 V. Hence, by comparing the E b values observed in this work ( Figures 1D-F 
Surface composition effect
In order to understand the surface composition effect on the OCP and potentiodynamic polarization profiles, a number of experiments were performed without applying the initial polishing procedure. This approach must be considered worthwhile owing to the fact that NiTi stents are normally implanted into the human body without removing the native covering layer. Figure 3 shows the surface composition estimated by EDS analysis before electrochemical experiments. Although EDS analysis of thin films may be thicknesssensitive, the results herein definitely also stand for composition changes, given the distinct responses in the OCP measurements, which are thickness-insensitive. 25 In Figure 3 , among the unpolished samples, the oxygen content was found to be 34% at. for heat treated samples and 26% at. for untreated ones. Upon electrochemical polishing, the oxygen content markedly decreased to ~ 4% at., suggesting that, in the later case, the oxide passive layer likely becomes thin with changes in the surface composition. Presumably, these differences would have implications on the final electrochemical properties. Indeed, the results recorded for polished and unpolished NiTi wires have been found to be deeply distinct. Figure 4 depicts open circuit potential (A) and potentiodynamic polarization (B) curves recorded in artificial saliva AFNOR S90-701 at 37 ºC pH 7.4 solutions for the same samples as for Figure 3 . In Figure 4A , one notices that polished samples (whose oxygen content is low - Figure 3 ) present essentially the same OCP values (-0.61 V). However, unpolished NiTi wires exhibited somewhat different OCP values at the end of 60 min of immersion (untreated: -0.53 V; treated: -0.36 V). This fact is related to interaction between working solution and electrode surface, which is particular in the later case because of surface composition. Concerning the results in Figure 4B , the heat treated NiTi electrodes exhibited low E b values independently of whether they were (E b = 0.12 V) or not (E b = 0.03 V) electrochemically polished. The untreated -unpolished specimens, on the other hand, showed unexpectedly low E b values (around 0.00 V) in comparison to the same polished electrode (1.00 V). In order to get insight into this detail, SEM micrographs were taken after transpassivation for both untreated -polished ( Figure 5A ) and untreated -unpolished ( Figure 5B ) NiTi wires. The SEM micrograph depicted in Figure 5A corresponds to an essentially unchanged surface, whereas in Figure 5B the electrode surface is shown to be appreciably damaged owing to the active dissolution. The inset in Figure 5B illustrates a pore which seems to indicate that the native oxide covering layer detaches from the wire due to its lack of resistance upon polarization.
Polishing method
Electropolishing is a suitable alternative to attain surface finishing of samples with unusual shapes that are sometimes difficult to handle with, as is the case of NiTi stents (NiTi wires shaped into their definitive form for medical application). However, depending on the experimental conditions (mainly the applied voltage), a selective electrodissolution can take place, resulting in surface enrichment with a particular element. 15, 16 Concerning NiTi alloys, it was previously reported that electropolishing can result in Ti-enriched surfaces in comparison to mechanically polished specimens. In this work, however, we have successfully used a procedure to electropolish equiatomic NiTi samples which does not provoke any changes in the surface composition. Figure 6 shows OCP (A) and potentiodynamic polarization curves (B) for a NiTi stationary electrode immersed in AFNOR S90-701 artificial saliva at 37 ºC with pH modified to 2.0. It has been seen in Figure 6A that the polishing procedure does not affect both OCP profile and OCP values, corroborating that the conditions employed here do not have influence on the surface composition that evolves during immersion. 25 In addition, this was further confirmed by EDS which indicated the following % at. for Ni, Ti and O, respectively: 50.4, 46.1 and 3.5 (electrochemically polished) and 50.3, 45.9 and 3.8 (mechanically polished). In Figure 6B a higher current density is observed for mechanically polished electrodes in relation to electrochemically polished ones due to the higher surface area of the former, as can be deduced by analyzing the surface conditions in Figure 7A (mechanically polished) and Figure 7B (electrochemically polished). Similar results were also found for solutions with other pH values.
Conclusions
According to our findings, the transpassivation of equiatomic NiTi wires depends not only on the chemical composition of oxide covering layer but also on the microstructure of the material. In the case of NiTi samples not thermally treated, the best result in terms of E b (the potential at which the passive film breaks down) was recorded when the native oxide covering layer was removed by polishing. Hence, it can be concluded that the disordered microstructure of untreated NiTi is highly resistant to transpassivation (E b ~ 1.00 V/SCE), whereas the presence of the native oxygen rich film onto it makes the dissolution thermodynamically easier (E b ~ 0.00 V/ SCE). Upon thermally treating equiatomic NiTi wires, the microstructure becomes more ordered and less dissolution resistant (E b ~ 0.12 V/SCE), then comprising the main factor determining the E b value. In addition, the presence of an oxygen rich native film onto the surface influenced E b in a less extent (E b ~ 0.03 V/SCE).
